Here, we analyze the genomes of five staghorn coral species to examine the roles of introgression and ecological opportunity in the rise to dominance of Acropora. We found evidence for a history marked by a major introgression event as well as recurrent gene flow across species. In addition, we found that genes with topologies mismatching the species tree are evolving faster, which is suggestive of a role for introgression in spreading adaptive genetic variation. Demographic analysis showed that Acropora lineages profited from climate-driven mass extinctions in the Plio-Pleistocene, indicating that Acropora exploited ecological opportunity opened by a new climatic regime favoring species that could cope with rapid sea-level changes. Collectively, the genomes of reef-building corals have recorded an evolutionary history shaped by introgression and climate change, suggesting that Acropora-among most vulnerable corals to stressors-may be critical for understanding how reefs track the impending rapid sea-level changes of the Anthropocene.
INTRODUCTION
Reef-building corals support one of the most productive and diverse ecosystems on the planet, but they are increasingly threatened due to global climate change and other Anthropogenic stressors [1, 2] . Modern Indo-Pacific reefs are dominated by species of the staghorn coral genus Acropora (Anthozoa: Acroporidae), one of the most diverse coral genera with close to 150 species [3] [4] [5] , but the evolutionary and ecological factors associated with their diversification and rise to dominance are unclear. Understanding those factors provides critical context for evaluating the resilience of the Acropora, and thus reef ecosystems as a whole, to the ongoing global changes of the Anthropocene.
Recent work on evolutionary radiations across a wide range of both animal and plant taxa has demonstrated the importance of introgression and ecological opportunity in promoting diversification and ecological success [6, 7] . Introgression can promote diversification by generating the genotypic and phenotypic variance necessary for natural selection and adaptation and can facilitate the spread of favorable alleles across species [7, 8] . Given the complexity of morphological variation in corals, problems with resolving phylogenetic relationships, and other evidence, the idea that introgression is important for coral evolution has long been suspected and debated [3, [9] [10] [11] [12] . Previous population studies found evidence for gene flow between different ''species'' in corals [13, 14] . In addition, the incongruence between the species trees and single/ multiple gene trees suggested introgression in different lineages of Acropora [3, 15, 16 ]. Yet, distinguishing introgression from incomplete lineage sorting (ILS) is challenging in corals [17, 18] .
Ecological opportunity, the ''wealth of evolutionarily accessible resources little used by competing taxa'' [19] , provides a favorable selective environment for diversification. There are several ways to trigger an evolutionary radiation via ecological opportunity [20] [21] [22] : colonization of a new area, mass extinction, and evolution of a key innovation. In particular, mass extinction can remove dominant taxa and generate new resources and/or niches for the species that persist [21, 22] . In the Plio-Pleistocene, seawater temperature and sea level change periodically with the glacial-interglacial cycle initiated by the northern hemisphere glaciation (NHG) around 2.75 million years ago (mya) [23, 24] . The fossil record shows that mass extinctions of nearshore marine organisms occurred around 2$3 mya, probably due to the onset of the NHG in Plio-Pleistocene, generating massive empty niches [25] [26] [27] . Interestingly, the Acropora fossils have been found in coral hotspots from the Eocene to the present [28, 29] ; however, it became one of the dominant reef components after the onset of the NHG [4, 28, 30] . This pattern has led some to suggest that the massive empty niches created by the onset of the NHG-induced mass extinctions provided ecological opportunity for the rise of Acropora to dominant status [4, 31] .
Here, using the genomes of five reef-building coral species, we investigate the roles of introgression and ecological opportunity in the rise to dominance of the genus Acropora. We first use phylogenomic and coalescent hidden Markov model approaches to test for the presence and nature of introgression in coral evolution. Second, we examine demographic changes in the coral lineages in the Plio-Pleistocene and evaluate whether coral expanded to fill ecological opportunity caused by major shifts in glacial cycles ( Figure S1 ).
RESULTS

Clustering of Gene Families and Reconstruction of Species Tree
Our group decoded the genome of A. digitifera as first coral genome ($422 Mb, 28,280 gene models) [1] Figure 1A ). Previous analyses of molecular phylogeny of Acropora species were carried on comparison of rDNA and/or mitochondrial gene sequences or SNP data [3, 15, 16, 32] . We here performed phylogenomic analyses using full genome sequences of the five species.
Orthologous and paralogous genes were identified across all the five species, and the five species shared 7,494 gene families, which accounted for 66.89% of predicted proteins (58,887 out of 88,030) (Date S1). Each Acropora genome had very few unique gene families, suggesting that they were closely related to each other ( Figure 1B ). Our gene family cluster analysis showed that 1,215 gene families were shared in the A. gemmifera and A. subglabra species pair, a much higher number of specifically shared gene families in this species pair compared with any other species pairs, suggesting that they might have a closer genetic relationship ( Figure 1B ). Phylogenomic tree reconstruction based on a concatenated alignment of 4,954 single-copy orthologs found an identical fully resolved topology with both maximum likelihood (ML) and Bayesian methods, in which sister taxa were not from the same morphological species group, indicating morphological convergence. Morphological convergence is also observed in previous studies [3, 15, 16] ( Figures  1C and S2) . 
Introgression Identified in Acropora with Phylogenomic and Comparative Genomic Evidence
We used phylonetwork theory to test for major introgression events in the history of these five lineages, an approach that has been used in concert with coalescent theory to distinguish introgression from ILS [17] . We reconstructed gene trees for each of the 4,954 single-copy orthologs with ML and Bayesian methods, respectively (Data S1). Of those, half (49%) had a gene-tree topology identical to the whole-genome phylogeny, 14% of the loci had a secondary topology, while the remaining 37% loci were distributed across the remaining topologies (Figure 2A) . We used Bayesian concordance analysis as a first indicator of possible introgression, although this alone does not distinguish introgression from other sources of gene-tree discordance (e.g., ILS). We found that the concordance factor in the clade of A. digitifera and A. echinata was less than 0.8, suggesting that the incongruence might be caused by introgression [33, 34] (Figure S3 ). However, in order to clearly distinguish introgression from incomplete lineage sorting, we used the gene trees to infer reticulate evolution with the phylogenetic network ML and pseudo-ML methods based on PhyloNet and SNaQ, respectively [17, 18] (Method Details). Both analyses consistently inferred a phylonetwork with a single reticulation between the branch of A. gemmifera/A. subglabra and A. echinata, indicating that introgression occurred in Acropora (Figures 2B and 2C ; Table S1 ). Specifically, the result showed that a substantial minority of the genetic material composing the lineage A. echinata (20.3% inferred by PhyloNet, 13.8% by SNaQ) is derived from introgression from the branch leading to A. gemmifera/A. subglabra. We additionally tested whether non-species-tree genes were clustered in the genome and found that they were not significantly clustered (Method Details).
The ABBA-BABA test has been widely applied to non-model organisms for detection of introgression on genomic-wide level based on SNP patterns [35] . We performed the ABBA-BABA Figure S3 and Table S1 .
test to confirm the introgression detected by the phylonetwork approach. A. tenuis was chosen as the outgroup because its placement as the most distal species showed a high degree of concordance among gene trees, suggesting that A. tenuis and other four Acropora lineages have been genetically isolated for some time. We found significantly different numbers of ABBA and BABA patterns when we tested whether introgression occurred from A. gemmifera or A. subglabra to A. echinata (Z = À5.15, Z = À5.37), indicating that introgression had occurred among A. gemmifera, A. subglabra, and A. echinata (Table 1) . In contrast, when we tested whether introgression occurred from A. echinata or A. digitifera to the clade of A. gemmifera/ A. subglabra, we did not detect any signal of introgression (Table 1) . Therefore, the ABBA-BABA test was consistent with the phylonetwork analysis illustrating one major introgression event between the branch of A. gemmifera/A. subglabra and A. echinata ( Figure 1C ). Taken together, results of the Bayesian concordance analysis, phylogenetic network ML, pseudo-ML, and ABBA-BABA tests all inferred evidence for a single major reticulation event between the branch of A. gemmifera/ A. subglabra and A. echinata ( Figures 1C, 2B , 2C, and S3; Tables 1 and S1).
The phylonetwork/ABBA-BABA analysis identified one major introgression event in the history of these five species, but those methods are better suited to inferring major episodes of introgression rather than low-level, recurrent migration among lineages [18, 36] , as would be expected under the syngameon hypothesis [5, 12, 16] . Our gene trees analysis showed that 37% of gene trees' topologies match neither the species-tree topology nor the topology consistent with the inferred introgression event (Figure 2A ). We hypothesized that this is due to recurrent gene flow after speciation between Acropora species, which under the syngameon hypothesis, could facilitate adaptation of different morphologies and ecologies [3, 5, 7] . The coalescent hidden Markov model (IMCoalHMM) approach can infer speciation with gene flow between related species pairs [36] . We applied whole-genome alignments of each species pair to a speciation-with-isolation model and a speciation-with-migration model and then compared them with Akaike information criterion (AIC). We found that whole-genome alignments of each pair of Acropora species were better explained by the speciation-with-migration than the speciation-with-isolation model ( Figure 3 ; Table S2 ). In addition, we estimated that the gene flow between A. tenuis and other four species ceased around 2.5 mya and that the species pairs among the other four species ceased at present ( Figure 3 ). In all, we found the major introgression event and recurrent gene flow among the five Acropora species.
Evolutionary Rates and Patterns of Selection
Since introgression has apparently occurred, it raises the question of what role the transfer of genetic material may play in coral evolution. We hypothesized that if introgression were involved with adaptive evolution, loci that are involved in introgression should be evolving faster than those that are not. To test this, we compared evolutionary rates in genes that matched the species tree (species-tree genes), with those that have a different topology (non-species-tree genes). Although a discordant gene tree is not in itself definitive evidence of introgression for a given locus (due to other explanations such as ILS), on the whole, genes involved with introgression should be highly overrepresented in this discordant group compared to the group matching the species tree.
We found elevated rates of evolution among the non-speciestree genes and the major introgression topology genes relative to species-tree genes in the three lineages involved with the major introgression event (A. gemmifera/A. tenuis, A. subglabra/A. tenuis, and A. echinata/A. tenuis but not A. digitifera/A.tenuis) (p < 0.001, Mann-Whitney test, Figures 4A-4D and S4; Method Details). The fact that rates of evolution were higher in both the donor and recipient lineages is consistent with several scenarios: (1) there was a period of rapid evolution of some loci localized in time to the branch before the major introgression event, and these loci were more likely to be transferred during the introgression event; (2) there are some genes that are generally prone to rapid evolution both before and after the major introgression event, and these were more likely to be transferred during the major introgression event; or (3) a subset of genes could have evolved faster independently in the different lineages after the major introgression event, and these were more likely to be transferred during the introgression event even though it happened before the accelerated evolution. We performed two tests to distinguish between these scenarios by testing for accelerated evolution on different branches individually. First, we compared evolutionary rates among branches for the loci with the major introgression topology ( Figure S5A ) and found that rates were higher on the branch before the introgression event compared with the branches after the event (p < 0.001, MannWhitney test). Second, we compared evolutionary rates in the major-introgression-topology genes to species-tree genes and found that the major introgression topology genes were evolving faster than species-tree genes before the major introgression event ( Figure S4 ; p < 0.001, Mann-Whitney test) but not after (Figures S5B and S5C; p = 0.155 in A. subglabra, p = 0.042 in A. gemmifera). We interpret this to support the scenario whereby a period of enhanced selection happened before the Table S2. introgression event, and the loci under selection were more likely to be transferred to the new lineage (Method Details). We performed Gene Ontology (GO) analysis to examine whether there are any functional differences between speciestree genes and non-species-tree genes. We found that ontologies, including G-protein-coupled receptors, binding proteins, and transporters in relation to DNA replication, oxidation-reduction reaction, cell apoptosis, and iron and amino acid transportation, are significantly more likely to have topologies that do not match the species tree (Table S3) . We also identified $30 (out of 1,539) of the non-species-tree genes that are under positive selection (dN/dS > 1) (Tables S4 and S5 ) [37] . The non-species-tree genes were more likely to be under positive selection (33 out of 1,539) compared to species-tree genes (42 out of 3,361) (c 2 test: p < 0.025).
Demography Associated with Global Climate Change
In part due to the phylogenetic difficulties introduced by incongruent loci, it has been a challenge to infer the timescale of Acropora evolution using molecular data, with average crown ages ranging from 6 to 36 mya in previous studies [15, 32] . Using subsets of loci with gene trees that match the dominant speciestree topology, we inferred a crown age of these five species at 15 mya, with the remaining splits in the tree occurring before 6 mya (Method Details) ( Figures 1C and S6 ). Using the timescale of Acropora evolution established by the phylogenomic analysis, we evaluated demographic changes in Acropora lineages and linked them to Earth's geologic history. We estimated the average mutation rate of Acropora as 2.9 3 10 À8 per site per generation (Method Details), and then the demographic history was respectively simulated with each local density of heterozygotes using the pairwise sequentially Markovian coalescent (PSMC) model [38] . The PSMC analysis showed the five species' demographic histories from 4 mya to 10 ka (thousand years ago) ( Figure S7 ). Generally, the five species had similar demographic histories with a population expansion from 2 mya and then decline after 900 ka during the Mid-Pleistocene Transition ( ( Figure 5 ). The MPT in particular-a period where the amplitude of glaciation-driven sea-level oscillations increased dramatically [39] -has been identified as a period of local extinction in corals [40] .
DISCUSSION
The staghorn corals of the genus Acropora, one of the most diverse coral genera with close to 150 species [3, 4] , constitute the foundation of modern coral reef ecosystems, but much work remains to reconstruct their evolutionary history and identify the processes shaping their rise to dominance. Understanding the latter is critical for anticipating coral responses to the ongoing multifaceted changes of the Anthropocene [2, 4, 41] . Toward that end, the present analysis of the genomes of five Acropora species addresses two long-standing issues in coral evolution: the roles of introgression and climate-driven ecological opportunity in shaping their histories and rise to dominance.
This study is, to our knowledge, the first to demonstrate genome-scale evidence of introgression in coral evolution using phylogenomic and comparative genomic methods to distinguish introgression from ILS, supporting previous hypotheses [3, 11, 12, 15] . Beyond the major introgression we detected, we also showed that the small gene flow existed after speciation. The reason why we only detected one major introgression event is that small gene flow has lower resolution to be inferred by the phylonetwork method as a major introgression event [18, 36] . In addition, our phylogenomic analysis indicates that the clustering of adult morphology conflicts with the phylogenetic analysis, which has also been shown in the previous studies [3, 16] . This conflict between morphological and genetic relationships suggests the occurrence of introgression and/or morphological convergence in these five species, but there is still much work needed to focus on the mechanisms of the conflict by ) for each species using the pairwise sequentially Markovian coalescent (PSMC) model. See also Figure S6 . convergent evolution and/or adaptive introgression with more taxon sampling [42, 43] .
Previous studies have shown that introgression promotes diversification in other groups of organisms [6, 7] . For example, two color loci (B/D, N/Yb) have been suggested to play a crucial role in mimicry of Heliconius [42] . Our evolutionary rates analyses are consistent with an adaptive role of gene flow in Acropora, although the evidence presented here is far from definitive. The major introgression event apparently occurred after a period of rapid evolution during which the genes involved with introgression were-on average-evolving at faster rates than other genes. This implies that mutations in the donor lineage retained a selective advantage after arriving in the recipient lineage. However, we cannot rule out that some other unmodeled evolutionary process, such as convergent molecular evolution or gene conversion, is contributing to misleading inferences about adaptive evolution. Thus, while these results are suggestive of an adaptive role of introgression, further work investigating this issue in more detail, and from different perspectives, is necessary to confirm the result and understand the precise mechanisms of how introgression may contribute to the adaptive evolution of corals.
After accounting for lack of congruence introduced by introgression, we inferred the age of the common ancestor of extant Acropora (using only non-introgressed loci) to be within the Miocene (95% highest posterior density [HPD]: 13.5$17.4 million years [Ma] ). This set a timescale for Acropora evolution that we applied to the demographic analysis for testing ecological opportunity in Acropora. Although the five species diverged over 15 mya, they all show relatively similar demographic expansion and contraction in the last 3 Ma. The fossil record shows that mass extinctions of nearshore marine organisms occurred around 2$3 Ma, probably due to onset of the northern hemisphere glaciation in Plio-Pleistocene, resulting in massive empty niches [25, 26, 31] , and the timing of the demographic expansion broadly coincides with predictions of the hypothesis that glaciation-driven mass extinction opened niche space for Acropora, which could better cope with rapid sea-level changes since the onset of northern hemisphere glaciation (Figure 5) . On the other hand, the reasons for the demographic decline of all five lineages since the MPT are more enigmatic, but it could be indicative of increased niche-filling and competition due to either radiation of new Acropora lineages or the recovery of other coral lineages as they adapt to more rapid sea-level changes and increase in abundance [4, 15] . Notably, the demographic history of Acropora, the dominant coral of the Indo-Pacific, is remarkably similar to the demographic pattern recently inferred in species of stony corals in the Caribbean [31] and matches broader dynamics inferred from the fossil record [4] . This implies that the demographic expansion of certain coral species following a glaciation-driven mass extinction was a generalized global event and not limited to a single taxonomic group or region. This shaped the composition of the surviving reef communities, preferentially favoring rapidly dispersing and growing groups such as Acropora.
We do acknowledge the possibility that gene flow (or population structure) could in principle have an influence in representing Ne change of a single lineage with PSMC [44] [45] [46] [47] . As far as we know, there are no methods that fully account for hybridization in the calculation of demographic history that could be applied to our data, and such analyses are commonly used in the presence of hybridization in other studies [48, 49] . However, we do not believe this to be the most likely explanation for the patterns in our data for the following reasons. First, the basic pattern we found-increase to a peak during the MPT followed by decline-was in both the different putative ''syngaemon'' groups, including A. tenuis in one and the rest of the species in the other. Second, different lineages have different levels of introgression-for example, A. echinata is the recipient of the major introgression event, but all show a similar demographic pattern. Third, a previous population-level analysis on A. millepora, which was limited to the past 500 Ky for methodological reasons, matched the demographic results from PSMC [44] . Thus, while we cannot completely rule out a role of hybridization in the demographic analysis, it seems unlikely such an effect would cause the analyses to be biased in a way that matches our specific a priori predictions based on previous studies.
If the recent dominance of the staghorn corals and other species with similar life histories can be attributed to their abil- ity to cope with the rapid sea-level changes of the Plio-Pleistocene, it is tempting to reason that modern reefs should be well suited to keep up with the climate-driven rapid sea-level changes of the Anthropocene. However, if reefs need fast dispersers and rapid growers to keep up with sealevel changes, this apparent strength could prove to be an ecosystem-level weakness. Many taxa with life histories adapted for fast growth and high dispersal rates are more vulnerable to stressors including disease, predators, and environmental perturbations [50, 51] . Indeed, among the corals, Acropora are known to have relatively fast growth rates and are among the most sensitive to common Anthropocene disturbances-for example, they are very prone to bleaching [4, 51, 52] . Their global diminishment would undermine the ability of coral reef communities to keep up with rapid sea-level changes and further threaten the persistence of ecosystems critical for two-thirds of marine species [26] .
In all, our comparative genomic analyses provide insights into the mechanisms involved in the evolution and ecological dominance of Acropora. We found that modern Acropora has diversified since the Miocene and that this history has been marked by both major introgression events and recurrent gene flow within networks of species. The extant species are grouped into at least two reciprocally isolated networks (one including A. tenuis and one including the other four species in this study). In addition, Acropora capitalized on ecological opportunity opened by rapid sea-level changes in Plio-Pleistocene ( Figure 6 ). In classic model systems such as African Great Lake cichlids and Galá pagos finches, rapid radiation was facilitated by ancient introgression and ecological opportunity (from colonization of a new habitat) [8, 43, 53] . Our study suggests that introgression and ecological opportunity (from climate-driven mass extinction) play important roles in the adaptive radiation of Acropora as well. Further work from a variety of perspectives is needed to unravel the detailed roles and mechanisms of how introgression and ecological opportunity shaped the evolutionary history of Acropora. This evolutionary history provides critical context for evaluating the resilience of Acropora, and thus reef ecosystems as a whole, to the ongoing global changes of the Anthropocene.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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METHOD DETAILS
Genomic data and phylogenetic tree reconstruction Coral samples (A. digitifera, A. tenuis, A. gemmifera, A. echinata and A. subglabra) were collected from Okinawa, Japan and the sperms of each single colony from each species were used to isolate high-molecular weight DNAs in order to remove Symbiodinium as descried in a previous study [1] . PCR-free shotgun libraries of each species were prepared for genome sequencing with HiSeq 2500 in Rapid mode (Illumina). 127, 77, 64, 59 and 64 Gbp raw reads was generated for A. digitifera, A. tenuis, A. gemmifera, A. echinata, and A. subglabra, respectively. Based on K-mer estimation of genome size using the cleaned Illumina sequence reads, the genome sizes of A. digitifera, A. tenuis, A. gemmifera, A. echinata, and A. subglabra were estimated as 411, 409, 406, 409 and 441 Mbp, respectively, suggesting that each of genomes had high sequence coverage for genome assembly (See Data S1). With Platanus assembler [71] , we assembled genome sizes of A. digitifera, A. tenuis, A. gemmifera, A. echinata, and A. subglabra as 422, 408, 407, 411, 432 Mbp, respectively, with good scaffold N50 value showing that we carried out a good draft genome assembly for each species (See Data S1). Then, we performed genome annotations of each species with de novo methods based on repeatsmasked genomes. As a result, 28,280 genes were predicted for A. digitifera, 28,958 for A. echinata, 30,776 for A. gemmifera, 30,922 for A. subglabra, and 26,445 for A. tenuis, respectively. The genomic data for Acropora, and more detail is available from http:// marinegenomics.oist.jp and Data S1.
We combined the predicted proteins of each species together and used Blastp [56] (2.2.30+) to do all-against-all Blast. Then, OrthoMCL was used with the default settings to cluster homologous proteins into 16,885 gene families [55] . We used a custom script to select 4,954 single-copy orthologous gene families, in which only one gene copy is included in each species. Gene tree reconstruction We used MAFFT [57] to align the amino acid sequences of each single-copy orthologs. We aligned coding sequences with TranslatorX based on amino acid alignments and we excluded the single-copy orthologous genes containing ambiguous 'N' [58] . PartitionFinder was used to find the best substitution model for RAxML (Version 8.2.2) [59] and MrBayes (Version 3.2.3) [60] , and gene trees for all 4,954 loci were reconstructed using both programs. For each reconstruction of gene trees, we used same settings below:
RAxML:
f a -# autoMRE -m GTRGAMMA -q %s.pat -s %s -p 12345 -x 28754 -n %s Mrbayes:
unlink Tratio = (all) Revmat = (all) Statefreq = (all) Shape = (all) Pinvar = (all); prset applyto = (all) ratepr = variable; mcmcp ngen = 50000000 nchain = 4 relburnin = yes burninfrac = 0.25 printfreq = 50000 samplefreq = 10000 savebrlens = yes Stoprule = yes Stopval = 0.01;
Phylogenomic tree reconstruction Alignments of 4,954 gene families' coding sequences were concatenated into 10,547,082 bp total. The concatenated sequences were used to reconstruct the phylogenomic tree with RAxML and MrBayes under a GTR+CAT+I model or a GTR+G +I model, respectively. As well, we applied -autoMRE to generate bootstrap in RAxML and we run MrBayes with setting: ngen = 100000000 relburnin = yes burninfrac = 0.25 printfreq = 50000 samplefreq = 10000 savebrlens = yes Stoprule = yes Stopval = 0.01. The phylogenomic tree was regarded as the species tree of Acropora.
Species tree dating
In order to infer the divergence time of Acropora and set the timescale of Acropora evolution, we selected 817 single-copy orthologous genes among five Acropora and two outgroups, Orbicella (Orbicella. faveolata) and Porites (Porites. lobata; Porites. australiensis and Porites. astreoides), using OrthoMCL and transcriptome data of Orbicella and Porites [54] . Then, we selected 3,361 genes with gene trees that were concordant with the species tree (((A. gemmifera, A. subgrabla), (A. echinata, A. digitifera)), A. tenuis). We blasted the 817 single-copy orthologous genes to the 3,361 genes (((A. gemmifera, A. subgrabla), (A. echinata, A. digitifera)), A. tenuis), and found 440 single-copy orthologous genes that are shared between all taxa and have gene trees that match the species tree. We concatenated these sequences and used them to infer a time-calibrated phylogeny. First, we partitioned the concatenated coding sequences by codon position. Molecular clock and trees, but not substitution model, were linked across partitions. Then, divergence time was estimated using the HKY substitution model, relaxed lognormal clock model, and calibrated Yule prior with the divergence time in previous study: Orbicella and Porites split 153 mya split Porites and Acropora split at 84 mya [61, 72] . We ran BEAST2 three times independently, 50 million Markov chain Monte Carlo (MCMC) generations for each run, then we used Tracer to check the log files and we found that ESS of each of parameters were greater than 200. We chose the highest likelihood tree generated by BEAST2 to present in this study showing the crown age of these five Acropora species to be approximately 15.6 mya (95% highest posterior density (HPD): 15.39 $15.87 Ma). Finally, after inferring the crown age, we used a larger dataset to infer the divergence times for nodes within the Acropora clade. For this, we concatenated the 3,361 single-copy orthologous genes with gene trees matching the species tree topology, and used them for a BEAST2 analysis with setting as above, and calibrating the the crown age to 15.46 Ma.
Phylonetwork inference
Bayesian concordance analysis using BUCKy We used BUCKy (1.4.4) to summarize concordance among gene trees generated by MrBayes, by reconstructing the primary concordance tree and to estimating concordance factors (CFs) with default setting [34] (alpha = 1). Phylonetwork inferrence from gene trees using Phylonet and SNaQ We selected 4,643 Maximum likelihood (ML) trees with bootstrap support values greater than 50. Each of the trees was rooted with A. tenuis, and used to infer the phylonetwork first with the PhyloNet ML method [17] . Reticulation parameters of 0, 1, 2, 3 were applied and run 10 times each. PhyloNet includes AIC, AICc and BIC, and a cross validation method to compare models of increasing complexity (i.e., more reticulation events). Following the original study introducing the method [17] , we give priority to the cross-validation method if it prefers fewer reticulations even if there are small gains in AIC or BIC from adding more reticulations (See also Table  S1 ). The cross-validation was implemented using the built-in function (phylonet_ML_CV), setting set the maximum reticulate nodes = 2. We ran 100 runs, of which 61 runs finished successfully. 58 of the 61 runs inferred an optimal network with reticulate node = 1 and 3 over the 61 runs found an optimal network with reticulate node = 0, moreover, the globally highest likelihood network was a run with reticulation = 1. Finally, we then repeated the analysis 100 further times with reticulation parameter set to 1 and found the same topology was inferred consistently. BIC was consistent with the cross-validation method in favoring reticulations = 1, while AIC showed small improvements for an additional reticulation. Due to the greater accuracy of the cross-validation method [17] and agreement with BIC, we consider the phylonetwork with a single reticulation to be the most robust result.
As an additional test, quartet CFs estimated by BUCKy were used to infer the phylonetwork with SNaQ [18] . The concatenated phylogenomic tree was used as the initial tree to infer phylonetwork of reticulation equal to 0 and then the result of tree was then used to infer phylonetwork with reticulation equal to 1 and so on. The phylonetwork with the reticulation equal to 1 was the only topology inferred by SNaQ under different reticulation settings.
Genome-wide Patterson's D statistics
The A. tenuis genome was used as the reference for mapping shotgun reads from the other four species using BWA with default settings [62] . Further, PICARD was used to mask duplications. Then, Samtools was used to index and sort Bam files [63] , while Genome Analysis Toolkit (GATK) was used for insertion/deletion realignment [64] . ANGSD was used to perform Genome-wide ABBA-BABA tests with quality control ''base quality > 30, mapping quality >60, minimum depth (summing all 4 samples) > 80 and maximum depth (summing all 4 samples) < 600'' (-doAbbababa 1 -blockSize 3000000 -anc Aten.fa -doCounts 1 -minQ 30 -minMapQ 60 -P 24 -setMinDepth 80 -setMaxDepth 600) [65] . The whole genome alignments of commands were shown below: Speciation modeling using IMCoalHMM Genome alignments Shotgun reads of each species were mapped to A. tenuis assembled genomes as described above to generate BAM file. Then, the consensus sequence of each species was generated by Samtools with settings: mapping quality greater than 50, reads quality greater than 30, and read coverage greater than 10. The consensus sequences of each species on the same scaffolds of A. tenuis were considered as whole genome alignments. We selected 238 scaffolds, of which length are greater than 50 Kb, to make pairwise alignments of each species and then these were used in subsequent analysis. Speciation with isolation and speciation with migration modeling For each pair of taxa, we fit the speciation with isolation model and speciation with migration model respectively using IMCoalHMM [36] . We generated 10 bootstrap samples for each pair by sampling with replacement 238 scaffolds from original 238, and we ran both the speciation-with-migration and speciation-with isolation models on each bootstrap samples.
We calculated AIC values for the speciation-with-isolation model and speciation-with-migration model, then, we estimated the delta AIC (delta AIC = speciation with isolation AIC (IAIC) -speciation with migration AIC (IMAIC)) (See also Table S2 ). The values less than 1 of delta AIC represented the speciation with isolation model was better otherwise the speciation with migration was better.
For isolation period and migration periods parameters estimation under the speciation with migration model, we assumed that we have already known the divergent time between each pair from the our time-calibrated phylogenomic tree and calculate them as below: tua_splitting_period = tua1_isolation_period+tua_migration_period T_siplitting_age = substitution rate* tua_splitting_period T1_isoaltion_time = substitution rate* tua1_isolation_period = (T_siplitting_age/ tua_splitting_period)* tua1_isolation_period
Demography history reconstruction using PSMC Mutation rate estimation First, we aligned four species' shotgun data to A.tenuis using LASTZ with setting [66] (-seed = 12of19-notransition-chain-gappedinner = 2000-ydrop = 3400-gappedthresh = 6000-hspthresh = 2200-strand = plus-format = axt). We removed all the gap sites and ambiguous 'N' sites. Then, we calculated the number of consensus sequences and divergent sequences. The mutation rate was calculated as the formula: m = (counts of divergent loci / (counts of divergent loci+ counts of consensus loci)) / (2*divergence time)*(generation time) [73] . 
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Demographic history reconstruction Shotgun reads of each species were mapped to their own assembled genomes as described above to generate BAM files. Then the consensus sequence of each species was generated by Samtools with settings: mapping quality greater than 50 and reads quality greater than 30. The demographic history of each species was reconstructed using the PSMC model with settings [38] (-N25 -t15 -r5 -p ''4+25*2+4+6''). The neutral mutation rate was estimated using the divergent time and sequence divergence estimated by the LASTZ as described above [66] . Generation time was assumed to be 5 years for each species [44, 74] . Bootstrapping of demographic inference was generated for each of species following previous study [73] .
sequence of A. gemmifera and A. subgrabla, Anc_gem_sub), which represents the branch status after the major introgression event, and then, we calculated dN/dS on specific species paris (A. gemmifera/Anc_gem_sub and A. subglabra/Anc_gem_sub, respectively) and found that the major introgression topology genes were evolving similar with species-tree genes in these two species pairs, respectively, indicating that selection did not occur independently after the major introgression event (Figures S5B and S5C ).
The ancestral sequences at internal nodes were reconstructed with PAML using codeml based on their ML phylogeny and the corresponded coding sequences [67] . The distribution of dN/dS ratio was plotted with ggplot2 in R and the significance tests of the differences between dN/dS distributions were evaluated by a Mann-Whitney test in R [68] .
Testing for clustering of introgression genes
We performed a simple non-parametric test of gene clustering to test if species with gene trees mismatching the species-tree topology were clustered in the genome. First, we created a distance matrix for single-copy genes as follows. If two single-copy genes are on the same scaffold and they clustered within 2 genes, the distance scores is 5. If two single-copy genes are on the same scaffold and they clustered within 2$5 genes, the distance scores is 3. If two single-copy genes are on the same scaffold and they clustered within 5$10 genes, the distance scores is 1. If two single-copy genes are on the same scaffold and they clustered beyond 10 genes; or two single-copy genes are on different scaffolds, the distance score is 0. Second, we randomly chose 100,000 distance scores from the distance matrix by sampling with replacement and calculated an average distance coefficient: f_null (f_null = sum of scores of all pairs/100,000) and repeated this process 1000 times to generate a null model distribution of clustering of single-copy genes. The 95% CI of the f_null distribution is (0.00216,0.00347). Finally, we calculated the distance coefficient of non-species trees based on above distance matrix (f_non_spe = sum of scores of non-species tree pairs/the number of non-species tree pairs), f_non_spe is 0.0026. Thus, we conclude genes mismatching the species tree topology are not more clustered than expected by chance compared to species tree topology genes.
Gene ontology
We applied the protein sequences to Interproscan's databases, GO, KEGG and Unipathway [69] . Then, the protein sequences were used to blast to Uniport database and the best hits were used to do GO enrichments with DAVID 6.7 [70] . We used the introgression genes (1,593 single-copy orthologs) as gene list and the rest of single-copy orthologs (3,361 single-copy orthologs) as background (See also Tables S3, S4 and S5).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were conducted in R (version 3.4) (https://www.R-project.org/), using built-in functions. Statistical significance was tested using the Mann-Whitney test function (Figures 4, S4 , and S5).
DATA AND SOFTWARE AVAILABILITY
The custom scripts have been deposited in the Mendeley Data under link: https://doi.org/10.17632/tf8dzkynsm.1#file-fa63d57c-86b2-48e7-a548-6590f17bccbd.
